The maturation of retinogeniculate excitatory transmission and intrathalamic inhibition was studied in slices of the dorsal LGN obtained from ferrets during the first 2 postnatal months. Response to optic tract stimulation at neonatal ages consisted of slow EPSPs lasting several hundred milliseconds. Application of the NMDA receptor antagonist D-( -)-2-amino-5-phosphonovaleric acid (D-APV) during the first 2 postnatal weeks resulted in EPSPs that were reduced in peak amplitude and dramatically curtailed in duration, indicating that NMDA receptors participate strongly in retinogeniculate transmission at the immature synapse. Gradually, EPSPs became shorter in duration such that after the second postnatal week, the retinogeniculate EPSPs were only a few milliseconds in duration. At this late stage of development responses were remarkably less affected by application of D-APV. These changes in contribution of NMDA receptors to retinogeniculate transmission were found to be due to the development of strong IPSPs, the result of gradual maturation of activation of GABAergic inhibition. Indeed, application of bicuculline methiodide to block GABA, receptor-mediated IPSPs strongly enhanced the NMDA component of the EPSPs in more mature cells.
The voltage dependence and kinetics of NMDA-induced excitatory postsynaptic currents (NMDA EPSCs) were characterized by voltage-clamp recordings after blocking AMPA/ kainate receptors with 6-cyano-7-nitroquinoxaline-2,3-dione and GABA, receptors with bicuculline methiodide. The voltage dependence of the NMDA EPSCs remained unaltered with age. During the first postnatal month the kinetic properties of the NMDA EPSCs also remained unaltered, but a reduction in EPSC duration was observed within the following weeks, well after the critical period of anatomical reorganization.
The The dorsal lateral geniculate nucleus (LGNd) in ferrets, cats, nonhuman primates, and humans is characterized by a laminar organization, each lamina consisting of groupings of cell somata that make synaptic contact with a single retina (Hickey and Guillery, 1974; Rakic, 1976; Shatz, 1983) . This arrangement is not present during early development, when retinogeniculate connections are diffuse and intermixed, displaying extensive overlap of the contra-and ipsilateral retinal fibers (Rakic, 1976; Linden et al., 1981; Shatz, 1983) . In the ferret, complete segregation of retinal afferents from each eye occurs concurrently with the cytoarchitectonic differentiation of the LGNd layers, during approximately the first 2 postnatal weeks. Retinogeniculate connections in the ferret then remodel further during the third postnatal week by segregation of on-center and off-center retinal axons into sublaminae within the dorsal laminae (Stryker and Zahs, 1983; Hahm et al., 199 1) . Acquisition of the precise pattern of adult connectivity thus requires extensive remodeling ofconnections, probably involving elimination of inappropriate synapses (Campbell and Shatz, 1992) . Analogy with other systems suggests that synaptic plasticity in retinothalamic connections depends on activation of NMDA receptors (Constantine-Paton et al., 1990) . Some evidence has been obtained for this possibility: both NMDA and non-NMDA glutamate receptors contribute to retinogeniculate transmission in the adult cat and ferret LGNd (Kemp and Sillito, 1982; Scharfman et al., 1990; Esguerra et al., 1992) , blockade ofNMDA receptors on LGNd cells prevents the formation of "On" and "Off' sublamination (Hahm et al., 199 1) and recent experiments have indicated that plasticity at the retinogeniculate synapse may involve activation of NMDA receptors (Mooney et al., 1993) .
To explain the greater plasticity that characterizes developing synapses, it has been suggested that the participation of NMDA receptors in synaptic activity is enhanced at early stages of development (Tsumoto et al., 1987; Fox et al., 1989; Kleckner and Dingledine, 199 1; Siviy et al., 199 1; Hestrin, 1992) . Mechanisms that have been proposed for this enhancement include changes in the number of receptors (Garthwaite et al., 1987; Bode-Greuel and Singer, 1989; Trembley et al., 19891, their response properties (Cambray-Deakin et al., 1990 ; but see Blanton et al., 1990) , or late development of GABAergic inhibition (Luhman and Prince, 1990; Agmon and O'Dowd, 1993; Burgard P21 and Hablitz, 1993) . For instance, NMDA receptors in young rat brain have been found to be more sensitive to activation by glycine (Kleckner and Dingledine, 1991) and less sensitive to blockade by Mg2+ (Bowe and Nadler, 1990; Morrisett et al., 1990; Kleckner and Dingledine, 1991) than NMDA receptors found in the mature state. Moreover, recent experiments have suggested that kinetic properties of NMDA-mediated synaptic currents display substantial changes with development (Carmignoto and Vicini, 1992; Hestrin, 1992) .
To examine the properties of transmission in the developing retinogeniculate synapse, we recorded from immature LGNd neurons using the in vitro slice preparation.
Thalamic slices were obtained from animals ranging in age from day of birth (postnatal day 0, PO), when retinogeniculate connections are diffuse and intermixed (Linden et al., 198 l) , until P54, after morphologically mature cell types can be recognized in the LGNd (Sutton and Brunso-Bechtold, 199 l), retinogeniculate connections have segregated according to eye of origin (Linden et al., 198 l) , eyelids have opened, and mature electrophysiological properties of LGNd cells have been established (Ramoa and McCormick, 1994) . We were especially interested in examining the relative contribution and properties of NMDA receptor-mediated responses to retinogeniculate synaptic activation in the developing LGNd, and the regulation of this by GABAergic inhibition. The results of this work have been presented in preliminary form (Ramoa and McCormick, 1992) .
Materials and Methods
Preparations were as described in the preceding companion article (Ramoa and McCormick, 1994) , except that in some experiments, noted in the text and in the figure captions, the concentration of MgSO, was raised to 4 mM. Recordings were conducted in the current-clamp mode at a temperature of 32"C, and in the voltage-clamp mode at a temperature of 22°C.
To activate retinal afferents to the LGNd, constant current stimuli (100 psec duration) were delivered through a bipolar stimulating electrode positioned in the optic tract at the ventralmost aspect of the LGNd slice. Electrical stimuli varying from 30 to 1000 PA in intensity were applied at lo-20 set intervals. Repetitive stimuli consisted of trains of 3-10 pulses at frequencies ranging from 5 to 100 Hz. Trains were separated by 30-60 set intervals.
The following compounds were applied in the bathing solution in some experiments: D-(-)-2-amino-5-phosphonovaleric acid (D-APV), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and (-)-bicuculline methiodide (Sigma). of the optic tract at P21 evoked a monosynaptic excitatory potential that was followed by a strong IPSP with a reversal potential of approximately -73 mV. At earlier ages, in contrast, the excitatory response was extremely prolonged and was generally not followed by hyperpolarizing IPSPs. Indeed, hyperpolarizing IPSPs were not observed in cells recorded during the first postnatal week even when resting membrane potential was depolarized to levels near firing threshold ( Fig. 1, P4 ), or when stimulus intensity was reduced (not shown), a procedure that has been reported to reveal IPSPs in the absence of a preceding EPSP in adult animals (Crunelli et al., 1988) At P2 1 bicuculline blocked the IPSP, revealing an optic tract response that resembled that of the more immature neuron (Fig. 2B ).
Later in development, at P30, the first IPSP was usually followed by a slower, longer-lasting IPSP that displayed a more negative reversal potential (approximately -80 mV in contrast with about -65 mV for the GABA,-mediated IPSP). The late IPSP was blocked by the GABA, antagonist 2-hydroxy saclofen (300-500 PM) applied in the bathing medium (n = 3; not shown). As shown in Figure 2C , bicuculline methiodide blocked the first IPSP present at P30 while actually increasing the amplitude of the slower IPSP. All recordings were conducted at resting potential level for each cell (P4 = -54 mV, P21 = -62 mV, P30 = -63 mV).
Population
analysis of the changes in synaptic responses with age and of the role that GABAergic mechanisms play in sculpting optic tract evoked EPSPs is provided in the plot of Figure  2C . Duration of EPSPs was estimated by computing for each cell a standardized measure of decay time based upon the time from the peak of the EPSP to 0.37 (l/e) of the peak amplitude. Note the progressive reduction in EPSP duration that occurs mainly during the first 3 postnatal weeks (solid symbols). Recordings conducted in the presence of bicuculline methiodidc (open symbols) indicate that reduction in EPSP duration results in large part from maturation of GABA, receptor-mediated inhibitory interactions. GABAergic inhibition initially had a relatively small role in geniculate synaptic responses, since EPSP decay times were similar in control and bicuculline-treated cells. After the second postnatal week, in contrast, EPSPs recorded after application of bicuculline were remarkably longer lasting than found in untreated cells.
NMDA component of the optic tract response. To examine the contribution of NMDA receptors to the optic tract response present in immature LGNd neurons, slices were perfused with the NMDA receptor antagonist D-APV. As illustrated in Figure  3A , block of NMDA receptors with D-APV substantially reduced the duration, and slightly reduced the peak amplitude of retinogeniculate EPSPs present at P6. Recordings obtained from the same neuron during repetitive stimulation of the optic tract are also shown in Figure 3 revealed that interactions depend on activation of NMDA receptors: D-APV blocked the temporal interactions so that the remaining responses consisted of short-duration EPSPs displaying a lack of summation at this frequency (Fig. 3A) . Similar results were observed in four additional cells tested using the same protocol.
Responses in older neurons consisted of an EPSP followed by an IPSP, both of which were relatively unaffected by application of D-APV (n = 4), as illustrated in Figure 3B . In the cell of Figure 38 , repetitive shock stimulation of the optic tract at 25 Hz generated several EPSPs overriding the summated IPSPs. (Hestrin, 1992) . Bicuculline methiodide (20 PM) was added in the bathing medium to block GABA, receptors. GABA,-mediated IPSPs were blocked by cesium contained in the recording pipette. cordings in Figure 5 arc shown in the lower panels. Note the striking similarit), in the plots obtained at P4 and P45. suggesting that magnesium blockade of NMDA receptors is similarly efficient at both ages. Similar I-1' plots of the NMDA response obtained in 16 other cells also indicated that the 1 oltage dependency of the NMDA response in LGNd cells did not change substantialI> with age.
Kirwtic properties qf the optic tract Y.WD.4 component. To examine the kinetic properties of the NMDA response, W-C recorded from 39 neurons at the holding potential of -1~40 mV in the presence of bicuculline and CNQX in the bathing solution. Examples ofthe recordings that are shown in Figure 6A indicate that EPSCs were characterized by a rapid onset and slow decay. these kinetic properties having remained relatively unaltered during the first postnatal month. During the following month, the EPSC duration was shortened, as illustrated in the example of recording from a P45 animal. The time course of these changes is revealed in the scatter plot of Figure 6B . Decay time of EPSCs was estimated for each cell as described in Hestrin (1992) . by measuring directly the time from the peak of the EPSC to 0.37 ofthe peak amplitude. The decay time remained relatively stable during the first 40 postnatal days, then decreased abruptly.
Discussion
Activity-dependent mechanisms, thought to play a major role in the maturation of connectivity in the visual system (for a rcvicm. see Constantine-Paton et al., 1990) . ma); be involved in reorganization of retinogeniculate pathways (Shatx and Strykcr. 1985) . Depending on whether prc-and postsynaptic activities are correlated in time, synapses may be stabilized or d&ted (Hebb. 1949 : Stent. 1973 . conceivably leading to loss of neurites that failed to establish eficient synapses and maintenance of those that effectively drive the postsynaptic neuron. Recently. evidence has been provided that NMDA receptors are involved in Hebbian-type synaptic plasticity in the developing retinogeniculate system; Mooney et al. (1993) reported that persistent enhancement of retinogeniculate transmission can be achieved by bursts of high-frequency synaptic stimulation and that this enhancement appears to depend on NMD.4 receptor activation. Our results arc consistent with the possibility that NMDA receptors ma) provide a biological substrate for Hebbian-type mechanisms of synaptic plasticity in the developing visual system (Constantine-Paton et al.. 1990 ). Our present findings suggest that NMDA-mediated neuronal response ma)-be enhanced at early stages of development in the ferret's rctinogeniculate pathway.
Our results also indicate that several mechanisms may contribute to facilitation of the NMDA response in immature LGNd neurons: (1) late maturation of activation of IPSPs may contribute to stronger NMDA-induced ionic currents during the first 3 postnatal weeks: (2) temporal interactions observed in a train of EPSPs elicited by optic tract stimulation can induce more eficient depolarization of the immature neuronal membrane. thus relieving the magnesium blockade of the NMDA receptor (Mayer et al., 1984; Nowak et al., 1984) ; (3) development of the intrinsic membrane properties in the immature neuron may be coordinated to enhance excitatory transmission related to retinal activity (Ramoa and McCormick. 1994) : and (4) finally, the kinetic properties, but not the voltage dependence, ofthe NMD.4 response itself may be altered during de\,clopment so as to increase the duration of the EPSPs. Some of these mechanisms will bc discussed separately belo\s.
Latp maturutiun of ac,tivation of GA,!Mrrgl~~ inhihrtion. Our observations in the mature LGNd are in agreement with previous reports that optic tract stimulation in adult mammals e\.okes an excitatory monos)naptic potential followed b) GA-B.\,-and GABA,,-mediated hyperpolariying postsynaptic potentials (Crunelli et al.. 1988) . In contrast. during the first 2 postnatal weeks the typical rcsponsc to optic tract stimulation consisted of a long-duration EPSP. the late component of which resulted mainly from NMDA receptor-mediated excitation. The decreased efficacy of inhibitory connections thus coincides with the critical period for modifications in retinogeniculate connectivity. and may contribute to enhanced plasticity by allowing an increased level of NMDA receptor-mediated excitation. The failure of retinal inputs to activate IPSPs in LGNd relay neurons ear-19 in development may occur at many sites along the path from retina to interneuron to relay cell. Some of the possibilities include lack of GABAergic interneurons or connections with relay cells, lack of excitation of GABAergic intcrneurons by retinal fibers, lack of release of GABA during generation of action potentials, and finally, lack of postsynaptic rcccptor<ffector mechanisms for response to release of GABA. At present, data examining the development of these various features of GABAergic transmission in the ferret LGNd are not available, although we have preliminary evidence that GABAergic IPSPs in immature LGNd neurons can be observed after single shock stimulation of cortical afferents or direct stimulation of the perigeniculate nucleus (A. S. Ramoa and D. A. McCormick, unpublished observations) . The evidence available in other species also indicates that GABA and GABAergic receptors are present in the immature thalamus (Lauder et al., 1986; Bentivoglio et al., 199 1) . However, thalamic GABAergic mechanisms are known to undergo major changes early in development: the expression of subunit genes for GABA receptors in rat thalamus shows substantial postnatal changes (Laurie et al., 1992) and glutamic acid decarboxylase activity is known to be reduced in the LGNd of neonatal cats, reaching near adult levels during the subsequent 3 postnatal weeks (Fosse et al., 1989) . Also consistent with the possibility that GABAergic neurotransmission follows a protracted time course of maturation are the findings that receptive field surround inhibition and spatial resolving power of LGNd neurons in kittens change substantially just before and after eye opening (Daniels et al., 1978; Ikeda and Tremain, 1978) . Findings of an early expression of GABA receptors and GABA in several systems, together with results indicating that GABAergic neurotransmission matures relatively late, have led several authors to propose a role for GABA as a trophic agent during early development (Wolff et al., 1984; Lauder et al., 1986; LoTurco et al., 1991) .
Late developmental changes in the efficacy of inhibition is not unique to the developing LGNd, but has also been reported in neocortex (Luhmann and Prince, 1990; Agmon and O'Dowd, 1993; Burgard and Hablitz, 1993) hippocampus (Harris and Teyler, 1983; Mueller et al., 1984; Swann et al., 1989) , and piriform cortex (Schwab et al., 1984) . Thus, late functional maturation of inhibitory connectivity may represent a general mech- Figure 6 . Decay time of NMDA EPSCs recorded in 39 cells. Examples of the recordings at P4, P33, and P45 are also shown. In these experiments the membrane potential was held at + 40 mV and cells were studied in the presence of CNQX (4 FM) and bicuculline methiodide (50 FM). As in previous studies in the superior colliculus (Hestrin, 1992) , in most immature cells the response could be fit by a single exponential function. In B, the time period for segregation of retinal axons into left/ right eye layers (A, A 1) and on/off-center receptive field types are illustrated (Lindenetal., 1981; Hahmetal., 1991) .
anism to enhance NMDA receptor activation in the developing CNS.
Properties of NMDA-mediated activity during development. In view of the proposed involvement of NMDA receptors in synaptic plasticity, it has been suggested that the greater plasticity characterizing immature synapses results from an altered NMDA neuronal response at early stages of development (Garthwaite et al., 1987; Tsumoto et al., 1987; Ben-Ari et al., 1988; BodeGreuel and Singer, 1989; Tremblay et al., 1989; Kleckner and Dingledine, 1991; Siviy et al., 1991) although other authors disagree (Blanton et al., 1990) . Recording from LGNd cells in the voltage-clamp mode, we have directly examined the properties of the NMDA-mediated activity during development of retinogeniculate pathways. Our results show that the voltage dependence of the NMDA response does not change with age, indicating that in this system a lower sensitivity to Mg2+ blockade of NMDA receptors probably does not contribute to the enhanced NMDA responsiveness at early ages. Our results, on the other hand, resemble those reported in the superior colliculus (Hestrin, 1992) and cortex (Carmignoto and Vicini, 1992) in that kinetic properties of the NMDA-induced responses were found to change with age. It is important to note the difference in the time courses ofthe changes in membrane properties (mostly over by 2-3 weeks), GABAergic inhibition (maturation occurs mainly during the first 3 weeks) and kinetic properties of the NMDA-mediated synaptic responses (which takes place after the first postnatal month). The consequences of these differences are not clear at present, but may be related to additional changes in thalamic connectivity that occur at later ages, such as rearrangements in tectogeniculate projections (Stein et al., 1985) .
Although changes in kinetic properties ofthe NMDA-induced currents were detected here well after the critical period for changes in retinogeniculate connectivity, it is tempting to spec-NMDA Response i n the Immature Thalamus ulate that this represents one additional factor contributing to enhanced synaptic plasticity at early ages. Caution in the interpretation of these results is required, however, since during the first 2 postnatal months, dendritic dimensions and complexity of LGNd neurons increase markedly (Sutton and Brunso-Bechtold, 1991) . This correlation in time raises the possibility that the changing kinetic properties of NMDA currents were only apparent, having resulted from space-clamp problems in the recordings obtained from larger neurons. Evidence against this possibility can be found in Figure 6 : kinetic properties changed abruptly during the first half of the second postnatal month, while dendritic dimensions and complexity of LGNd neurons increase gradually during this period (Sutton and Brunso-Bechtold, 1991) . Moreover, space-clamp problems would be expected to interfere with determination of reversal potential for the NMDA-induced currents. This effect was not observed in the older neurons studied here, as illustrated in the example of Figure 5 . Additional experiments, such as single-channel ion current recording and analysis, will be required to examine what mechanisms underlie the changes in kinetic properties of the NMDA response. It will be important to examine, for instance, whether transient subtypes of NMDA receptors contribute to enhanced NMDA-mediated synaptic transmission and synaptic plasticity in the immature retinogeniculate pathway.
